Abstract Spatial properties of field soils vary in a complex manner. Especially in arid and semiarid areas, this variability affects plant quality and crop production. An experimental field plot was extensively sampled regarding soil water (378 gravimetrical samples), soil chemical content (314 samples), and crop yield and chemical content (26 samples) at the Cherfech agricultural field research station in Tunisia. Geostatistical analyses were made to gain a better understanding of the in situ variability of soil water, soil chemical and crop properties. Ranges of correlation were found to vary over distances between 5 and over 40 m. Nugget and sill values for semivariograms were almost an order of magnitude larger for crop samples compared to soil samples. The crop yield components appeared to have larger variability as compared to crop chemical components.
INTRODUCTION
Knowledge of the spatial patterns of soil-related variables is important in analyses and modelling of field-scale solute transport processes, crop quality and yield and groundwater chemistry. In arid and semiarid areas, lacking
Open for discussion until 1 October 1996 knowledge of the spatial variability patterns affects reliability of pollution transport calculations and management of crop quality. Detailed spatial investigations representing field-scale soil properties are, however, tedious and expensive to carry out. In this respect, statistical analyses can be used to investigate soil properties of representative field plots and to infer characteristics to larger areas.
To investigate the spatial characteristics of field-scale soil properties, an experimental field plot was extensively sampled at the Cherfech agricultural field research station (25 km north of Tunis). The soils here are representative for the region in terms of texture and structure, and thus results can be used to infer properties for other areas within the region (see CRUESI, 1970) . In general, it was desirable to investigate the spatial variability of soil water and soil chemical properties for comparison with the variation observed for a typical crop (wheat).
MATERIALS AND METHODS

Soils
The USD A classification of the soil is Vertic xerofluvent. The soil is highly heterogeneous, especially the upper layer (0-0.4 m) which has a high clay and silt content (70-85%) where the main clay type is montmorillonite. The topography is plane and groundwater is drained by tiles at 1.5 m depth at equal spacings of 40 m. The soils are further described by Bahri (1992) and Bahri et al. (1993) .
Sampling
The areal extent of the sampled field was 8000 m 2 for soil water content and 3200 m 2 for soil chemical and crop samples (Fig. 1) . Sampling of soil water content was done during bare soil conditions on 21 February 1983. A steel auger of 7 cm diameter was used to take soil samples down to a depth of 1.4 m from the soil surface. In total, 378 soil samples were taken in the experimental plot. At each grid point, disturbed soil samples were taken at vertical depth increments (0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1.0, 1.0-1.2 and 1.2-1.4 m). The individual samples of about 0.5 kg each were weighed and put to dry in an oven overnight at 105 °C and, after this, weighed again. The sampling consequently represented gravimetrical soil water contents.
Sampling of crop and soil for chemical element and yield determination was done in June 1990. The details for this have been reported elsewhere and are thus only briefly repeated here Berndtsson et al., 1993; . In total, 26 plant samples (Durum wheat, var. Karim) were taken in the field ( & Svensson, 1991) . Each sample consisted of wheat growing on a square area of 0.3 m x 0.3 m. The plants were taken by hand using a wooden frame to indicate the sample area. Each wheat sample was divided into root, straw, and grain. These were then oven dried (50-60°C) for 36 h. After this the samples were weighed and prepared for chemical analyses. For further analytical details see Bahri et al. (1993) . In total, 314 soil samples were taken for analyses of chemical elements (Fig. 1 ). The following elements were analysed: Al, As, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Sr, V and Zn. The results of this were reported in Bahri et al. (1993) and Berndtsson et al. (1993) . The sampling of soil water and soil and crop sampling were carried out on overlapping sampling areas. However, the difference in sampling time (7 years) caused concern regarding representativity and whether data are comparable over such long time differences in sampling. Several studies during recent years have, however, shown that the time stability of soil water content is often strong (Vachaud et al., 1985; Kachanoski & de Jong, 1988) . Time stability is when a specific property maintains its rank in the cumulative probability function for different sampling times. For soil water, this is a realistic assumption since mainly soil texture explains the soil water variability. This is also a realistic assumption for the sampled area used herein since no major changes in the experimental soil conditions occurred between the different sampling events.
Theory
Field spatial properties as mentioned above were investigated by use of semivariograms. The semivariogram y(h) describes the semivariance of a random function Z (the investigated variable) between two locations separated by a distance h. The use of semivariograms is relevant under the hypothesis of firstorder stationarity (Warrick et al., 1986) . The semivariance may reach a constant value called the sill indicating that, beyond this distance (range), observations are uncorrelated. If all observations are uncorrelated, the experimental semivariograms will exhibit a pure nugget effect.
RESULTS AND DISCUSSION
Basic statistics for bulk data
The bulk data for each variable were used to determine theoretical probability distribution functions (pdfs). The Kolmogorov-Smirnov test and/or the ShapiroWilk test were used to determine theoretical pdfs. Crop components like grain md straw yield were found to be normally distributed while root yield was lognormally distributed (Table 1) . Soil and crop chemical components (e.g. Cd, Cr, etc.) were usually lognormally distributed except for soil organic C and N. Soil water content was normally distributed. The coefficient of variation (CV) was markedly larger for crop components as compared to soil components except soil Cd and straw Cr. Consequently, there is a clear increase in variability from soil to plants. The crop yield components appeared to have even larger variability than crop chemical components (Table 1) . For soil water content the CV was only 0.13, while for root yield it was 0.28. Munoz-Pardo et al. (1990) performed a geostatistical study of gravimetrical soil water content at Medjez el Bab, Tunisia, about 45 km from the present experiments. The CV for soil water contents found by them was in the interval 0.11-0.17, which is comparable to the value found in this study (0.13). Figure 2 shows an example of the spatial distribution for some of the variables investigated. The Figure shows grain yield, soil water content in the upper soil layer (0-0.2 m), and soil nitrogen content. The data were obviously not trend free and isolines extended in an anisotropic pattern. Most of the variables displayed a similar direction-dependent trend component. However, standard regression techniques displayed small or insignificant dependence between crop yield and soil water content and soil nutrient contents. Similar results were found by Miller et al. (1987) between crop growth and soil properties. It may be hypothesized that there is no simple linear relationship between crop yield and soil properties. Instead, crop and soil variables may be interrelated in a nonlinear manner that is not easily revealed by standard linear regression techniques.
Correlation coefficients (not shown) between soil water content at different depths were small and statistically non-significant. When dividing the soil water content data into sub-areas, correlations up to 0.64 were found. This may depend on preferential flow paths influencing not the area as a whole but rather localized plots. Preferential flow has previously been shown to be an important phenomenon for the actual area (Bahri, 1992; Yasuda et al., 1994a Yasuda et al., , 1994b .
Geostatistical analyses
As mentioned above, most of the data could be fitted to normal pdfs and one requirement for geostatistical analysis was thus fulfilled (Russo & Jury, 1987) . Data that were not normal were transformed by taking the natural logarithm. After this, the data could in most cases be fitted to normal pdfs. Table 2 gives an example of parameters for standardized empirical semivariograms (semivariance divided by total variance and sill values will therefore be approximately 1). Ranges varied between 5 and more than 40 m. Non-standardized nugget and sill values for semivariograms were almost an order of magnitude larger for crop samples as compared with soil samples. Consequently, there is a clear increase in variability from soil to plants. Miller et al. (1988) found ranges for grain yield (wheat) of 80 m which is larger than in this study (15 m). The ranges in their study, however, approximately equalled the diameter of the hills located in the study area. Munoz-Pardo et al. (1990) found an average range for soil water content (gravimetric water content over the first metre depth of soil) of 79 m. This is also larger than in this study (30 m). Their soils, however, were more sandy than in this study and therefore may have been more homogeneous.
Most of the variables in Table 2 have a large nugget percentage of total variance. This means that a large part of the variability occurred at scales smaller than the sampling scale. Soil organic C appeared to be least affected by this (only 11% of total variance occurring as nugget).
CONCLUSIONS
Spatial sampling of soil and crop related variables for a heavy clay soil in northern Tunisia displayed: 1.
Crop components like grain and straw yield were found to be normally distributed. Soil and crop chemical components were usually lognormally distributed except for soil organic C and N. Soil water content was normally distributed. 2.
The coefficient of variation (CV) was markedly larger for crop components as compared to soil components. Consequently, there was a clear increase in variability from soil to plants. The crop yield components appeared even to have larger variability than crop chemical components.
3.
Ranges varied between 5 and more than 40 m. Non-standardized nugget and sill values for semivariograms were almost an order of magnitude larger for crop samples as compared with soil samples. 4.
Most of the variables contained a large nugget percentage of total variance. This means that a large part of the variability occurred at scales smaller than the sampling scale.
